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Abstract: Using molecular dynamics simulation, we study nanoindentation in large samples of
Cu–Zr glass at various temperatures between zero and the glass transition temperature. We find
that besides the elastic modulus, the yielding point also strongly (by around 50%) decreases with
increasing temperature; this behavior is in qualitative agreement with predictions of the cooperative
shear model. Shear-transformation zones (STZs) show up in increasing sizes at low temperatures,
leading to shear-band activity. Cluster analysis of the STZs exhibits a power-law behavior in the
statistics of STZ sizes. We find strong plastic activity also during the unloading phase; it shows up
both in the deactivation of previous plastic zones and the appearance of new zones, leading to the
observation of pop-outs. The statistics of STZs occurring during unloading show that they operate in
a similar nature as the STZs found during loading. For both cases, loading and unloading, we find
the statistics of STZs to be related to directed percolation. Material hardness shows a weak strain-rate
dependence, confirming previously reported experimental findings; the number of pop-ins is reduced
at slower indentation rate. Analysis of the dependence of our simulation results on the quench rate
applied during preparation of the glass shows only a minor effect on the properties of STZs.
Keywords: molecular dynamics; nanoindentation; metallic glass
1. Introduction
Plastic strain of metallic glasses well below the glass transition temperature is known to be
localized into shear bands [1–4]. The core of such shear bands extends over 10–200 nm [5]. However,
in the vicinity of shear bands, the deformation extends up to three orders of magnitude further [6–8].
After accommodating a certain plastic strain, shear bands have the tendency to form cracks
eventually leading to failure and thus, particularly at temperatures well below the glass transition,
limiting the applications of metallic glasses as structural materials. The origin of shear-band formation
is the correlated activation of local plastic shear events, often called shear transformation zones (STZs),
involving hundreds of atoms [9–11]. Once STZs overcome a percolation threshold, they interact and
align in a two-dimensional plane [10,12]. The understanding of the role and interaction of STZs is of
paramount importance for fundamental concepts and for the control of yielding, ductility and failure.
The extension of the deformation around a shear band can be probed, for instance, via
nanoindentation [7] since it is sensitive to small variations in the elastic and plastic properties [13].
During nanoindentation, the activation of STZs manifests itself in the load-displacement curve as
a sudden displacement increase in load-controlled measurements, or as a sudden load drop in
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displacement-controlled measurements, which are called pop-ins. The occurrence of the first pop-in is
indicative of the onset of plasticity which contains information about fracture toughness [14–18]. The
pop-ins are seen as serrated activity in the load-depth curve and have been studied in the perspective
of a stick-slip mechanism or avalanche dynamics [19,20]. Also for other materials, avalanche statistics
have been important for understanding how local regions communicate with each other under different
stimuli [21–23]. Most recently, the transition from STZs to shear bands has been studied in the context
of directed percolation [12,24]. During unloading, on the other hand, experiments usually report a
smooth decrease in displacement [16,18].
In this work, we perform molecular dynamics (MD) simulations of nanoindentation in a
Cu64.5Zr35.5 glass in order to study plastic deformation during loading and unloading. On an atomistic
level, we find groups of atoms which cooperatively perform drastic plastic deformation during
loading, but despite their large deformation they return to their initial configuration during unloading.
On the other hand, as a macroscopic response, our results qualitatively agree with the so-called
cooperative-shear model [11]. We measure the STZ sizes at maximum indentation depth using a cluster
analysis. We find that the complementary cumulative distribution of STZ sizes follows a power-law
distribution with a temperature dependent cutoff of the distribution tails. At room temperature and
below, we also observe activation from STZs to shear-band formation. In addition we demonstrate
that during the unloading process the system undergoes a significant amount of heterogeneous strain,
similar to the loading process, which itself leads to the activation of new STZs in previously undistorted
parts of the sample. We find that the size distribution of STZs during unloading is very temperature
dependent. Also, the statistics of the STZs during unloading follow the same power law found during
loading. These findings add new aspects in the understanding of deformations of metallic glasses and
highlight the influence of the unloading process on the post-test deformation pattern.
2. Simulation Details
We used the open-source code LAMMPS [25] to simulate the binary-composition metallic glass
Cu64.5Zr35.5. The sample consisted of N = 5,619,712 atoms contained in a cubic simulation box of
edge length L. Its size varied from L = 450.01 Å for the lowest temperature to 457.46 Å, for the
highest temperature. In turn, the density of the quenched glass, ρ = N/L3, took the values of
0.0616 to 0.0599, in agreement with previous studies [26], and the potential energy per atom from
−4.43 eV/atom to −4.28 eV/atom. The atomic interactions were modeled by the embedded atom
method (EAM) potential presented in [27]. A crystalline mixture was first heated to a temperature
T = 2000 K for a time period of 500 ps and then cooled to the final temperature with a quenching rate
of 0.01 K/ps, to obtain the metallic glass. A slow quenching rate was preferable for the purpose of
studying plastic deformation [26,28]. We therefore dedicate Appendix A to explore how our results
are affected by the quenching rate. The glass transition temperature Tg for this particular composition
and potential was in the range of 800 K to 1000 K [29]. Here, we simulated samples at eight different
temperatures. We included T = 1000 K, which was above the glass transition temperature, to observe
the nanoindentation effects in the supercooled-liquid regime. During the preparation of the sample,
periodic boundary conditions were applied in all directions and an isobaric ensemble (at vanishing
pressure) with a Nose-Hoover thermostat was used. Once the final temperature was reached, the
system was left to relax for a total time of 200 ps with periodic boundary conditions.
After sample preparation, we applied periodic boundary conditions in the lateral directions and
free boundary conditions on the top surface and let the system relax for an additional time of 300 ps
before indentation. After relaxation, the stress components in all Cartesian directions are below 50 MPa
at all temperatures. We fixed 10 atomic layers at the bottom of the sample in order to mimic the
immobile bulk of a metallic glass in a real experiment and to avoid center-of-mass translation of the
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entire sample. We used a spherical indenter of radius R = 10 nm. The purely repulsive force exerted
by the indenter on the system is given by
F(r) = K(r− R)2, (1)
where r is the distance of an atom to the center of the indenter [30]. The use of such ‘external force fields’
to mimic the action of a rigid indenter on a substrate is standard in molecular dynamics simulations of
nanoindentation [31]; the use of an atomistic indenter would only be appropriate if effects of indenter
wear or chemical interactions between indenter and substrate were to be modeled; this was not the
case here. The stiffness constant of the indenter has been set to K = 10 eV/Å3. During indentation we
kept the temperature fixed by using an NVT ensemble. The open-source visualization tool OVITO [32]
was used in our work to observe the atomistic configurations and to perform a cluster analysis of STZs.
3. Results
3.1. Hardness and Pit Shape
Figure 1a shows the load against indentation depth for different temperatures below
and at the glass transition temperature at an indentation rate of 20 m/s, measured in an
indentation-depth-controlled mode. The dashed gray curve in this figure corresponds to the Hertzian





Here F is the load, d the indentation depth, R is the indenter radius and E∗ = E/(1− ν2) is the
reduced elastic modulus, where E is the Young modulus and ν the Poisson ratio of the glass. From
a fit of our data (at room temperature) we obtain E∗ = 79.1 GPa; this value compares favorably
with experimental data which provided E = 92 GPa and ν = 0.352 at room temperature [35], hence








































































Figure 1. (a) Indentation load vs. indentation depth for different temperatures T. The dashed gray
curve corresponds to the fitted elastic response, Equation (2). (b) Value of the load at the yielding point
as a function of temperature. Inset: reduced elastic modulus E∗ as a function of temperature.
Figure 1a features frequent pop-ins, or load drops, which occur at all studied temperatures.
This effect has been also observed in nanoindentation experiments performed in other metallic
glasses [14,15]. This figure also shows that the yielding point—i.e., the deviation from the elastic
curve, where the first pop-in appears—occurs later for lower temperatures. To estimate the yielding
point we subtracted the fitted Hertzian elastic behavior, Equation (2), from our data, and considered
the yielding point to occur when the difference was greater than 0.04 µN, i.e., when the difference
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surpassed the fluctuations in the elastic regime. The estimated values of load at the yielding point
are shown in Figure 1b. Note the strong change of yield load between 0.1 and 10 K; such a behavior
was quite different from that of crystalline materials which show only small changes—in the range
of 10%—between 0 K and room temperature [31]. The inset of this figure shows the fitted values of
the reduced elastic modulus E∗ at the yielding point as a function of temperature. They demonstrate
a strong decrease of the glass stiffness with increasing temperature; towards the glass transition
temperature, the stiffness decreased by around 50%.
Moreover, it is interesting to note that there was also a change in the slope of the load-depth curve
during unloading, which was most noticeable at the end of the unloading curve at temperatures
of 10 K and of 100 K. In accordance to the displacement jumps during loading, these features
are called pop-outs. In crystals such as Si, pop-outs may be related to pressure-induced phase
transformations [36]. To our knowledge, in metallic glasses, this feature has not been reported in
experiments and it has not been explored in simulations. The structural origin of the pop-outs is
further discussed in relation to the non-affine squared displacement (NASD) below.
From the load-displacement curve, the contact pressure can be determined by the relation
pc = F/Ac, (3)
where Ac is the contact area which was determined using the elliptic-area method described in [37].
This method calculates the area of an ellipse by using the minimum and maximum position of the
atoms, both in x and y directions, contained within a shell separated by a distance rc from the indenter.
For our analysis we used rc = 7.6 Å. However, we excluded pile-up atoms, i.e., those above the original
surface, to contribute to the area determination. The material hardness H was the asymptotic value
of the contact pressure obtained at large indention depths. Figure 2a shows the dependence of pc on
indentation depth as determined from Equation (3). At all temperatures below Tg the contact pressure
increased as a function of indentation depth and then saturated after a certain value; only at the lowest
temperature, 0.1 K, the contact pressure keeps increasing with indentation depth. We attributed this
behavior to the activation of shear bands, which are particularly pronounced at the lowest temperature,
see Figure 3 and its discussion below; these shear bands produced hardening in their vicinity. Further
evidence for this argument was provided by the fact that a glass material produced with a lower
quenching rate, 1 K/ps, where atom positions were less relaxed and no shear bands were activated
(see Appendix A), the pressure indeed saturates.
Figure 2b shows the trend of hardness as a function of temperature, where the hardness was
calculated as an average over contact pressure when it had saturated, i.e., d ≥ 60 Å (see Figure 2a). The
pop-ins originally observed in the load-displacement curve caused a momentary decrease in contact











































Figure 2. (a) Contact pressure as a function of indentation depth obtained for different temperatures.
(b) Hardness as a function of temperature averaged from the plateau of panel (a).
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In order to evaluate the influence of temperature on the structure we analyzed the von–Mises
strain at maximum indentation. Figure 3 shows side views of thin slabs (thickness around 20 Å)
centered in the indentation region of the sample at the maximum indentation depth, just before
unloading, for temperatures of 0.1 K, 300 K, and 1000 K. The STZs can be identified in these figures
as strongly localized regions of increased strain. Such STZs have already been observed in previous
simulations [17,38]. We observe shear-band formation on samples at temperatures up to T = 300 K.
We mostly observe wing-like shear bands, i.e., close to the surface, in particular at T = 0.1 K. These
wing-like shear bands are marked in Figure 3a. This was particularly noticeable for our lowest
temperature (see Figure 3a). We find that the number of STZs strongly increased with temperature;
for the largest temperature shown, 1000 K, STZs appeared homogeneously spread over the entire
simulation volume at the end of indentation. This was a consequence of enhanced thermally activated
relaxation rather than a result of the stress-induced atomic rearrangements as can be confirmed by
comparing Figure 3 to figures of the von–Mises strain of unperturbed samples (not shown here).
Figure 3. Cross-sectional view of the von–Mises shear strain (VMSS) at maximum indentation depth
(70 Å) for temperatures of (a) T = 0.1 K, (b) T = 300 K and (c) T = 1000 K. The orange circles in (a)
highlight wing-like shear bands.
We finally note that with increasing temperature, the strain in the indented region became more
homogeneous. Furthermore, at the highest temperature, 1000 K, the pile-up decreased significantly as
shown in Figure 4. The pile-up height shown in this figure was determined by the maximum position
of the particles in the z direction, after the indenter is removed, relative to the height of the simulation
box before indentation. The low activity above the surface may be connected to the homogeneous
activity of STZs throughout the sample at this elevated temperature.
Additionally, we measure the rebound as a function of temperature after the indenter has been
completely removed, also shown in Figure 4. This rebound was determined at the center of the
indentation crater as the maximum z position of the particles after the indenter is removed relative to
the position at maximum indentation depth. The rebound originated from the stress relief during and
after indenter removal; thus the compressed material below the indenter can expand elastically. In
metallic glasses, in addition viscoelastic strain relaxation did occur [4]; this term included processes
occurring on time scales after the indenter was removed and relaxes residual stresses by viscous
flow. For simplicity, in Figure 4, we denote the entire rebound as viscoelastic, encompassing elastic
and viscous processes. This figure shows the temperature dependence of the recovery. We observed
that, for this particular quenching rate, the recovery remained high at all temperatures up to the
glass transition temperature; for a discussion of the quenching-rate dependence of this quantity, see
Appendix A.




















Figure 4. Pile-up height and viscoelastic recovery as a function of temperature. Both quantities are
measured after removal of the indenter.
Furthermore, we studied the effects of the indentation rate on the STZs’ intermittency—i.e.,
the effects on the serration—during loading and unloading. The load-displacement curve for four
different indentation rates between 5 m/s and 100 m/s at 10 K is shown in Figure 5. The figure shows
that the load at full indentation increased with increasing rate. Figure 5b shows how the contact
pressure evolves as a function of indentation depth for the different indentation rates. The hardness,
calculated as the average of contact pressures for indentation depths ≥ 60 Å, grew as a power law
with indentation rate, with exponent ∼0.04 (see inset of Figure 5b). This strain-rate sensitivity was
previously reported in nano-indentation experiments [11] and can be explained in the framework of the
so-called cooperative-shear model (CSM) [35] where the strain-rate sensitivity is inversely proportional
to the activation volume and consequently the STZ volume. Apart from that, the loading curves at all
strain rates exhibited different levels of pop-ins which are best observable at higher indentation rates.
These results were in contrast to experiments reporting a disappearance of pop-ins at higher strain

















































Figure 5. (a) Indentation load vs. indentation depth for different indentation rates; all data taken at
10 K. (b) Contact pressure as a function of indentation depth for indentation rates shown in (a). Inset:
Averaged hardness against indentation rate fitted to a power law with exponent ∼0.04.
3.2. Analysis of STZs: Non-Affine Squared Displacement
As already mentioned, serration in the force-displacement curve can also be observed in the
unloading curve; in this case they are termed pop-outs. In order to study this effect, we calculate
the non-affine squared displacement (NASD). The NASD has been introduced in ref. [40] to provide
information on the local strain of an atom by comparing its position to that in a homogeneously
strained—and hence affine—neighborhood; the NASD hence provides information about non-elastic
deformations. Here, we use the NASD—available within OVITO [32]—to identify to what extent plastic
rearrangements take place during unloading. For temperatures T = 0.1 K, 10 K, 450 K and 1000 K,
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Figure 6 shows three instances of NASD at different points during the indentation: the snapshots of
the first column correspond to the maximum depth of the indentation, just before unloading, where
the NASD was calculated with reference to the initial configuration (just before loading), while the
other two columns show snapshots after unloading, with reference to the configuration just before
unloading (middle column) and to the initial configuration (right column). Two interesting features
can be observed in these figures: (i) some plastic regions that were activated during loading seem to be
deactivated during unloading, and (ii) new plastic regions appear during the unloading mechanism.
In order to help identify these features, we highlight STZs in these figures:
• white circles enclose plastic regions that appear during loading and stay through the
unloading process;
• red circles feature zones that were activated during loading, but disappear during unloading;
• green circles emphasize plastic regions that appear during unloading.
The deactivated plastic regions (red) are those that are missing in the left-hand column; this
strongly indicates that these regions rearranged to the initial configuration before the indentation. This
reversibility has been already observed in amorphous materials [41] and it is even accounted for by
the STZ theory [42].
At low temperatures, we could identify only few STZs appearing under unloading (green); for
0.1 K, no region was found in the selected snapshot (see Figure 6b). This agrees nicely with the flat
structure of the load-depth curve, Figure 1a, in its unloading part.
At higher temperatures, 450 and 1000 K, we modified the NASD color scale in order to better
identify the highly mobile regions. At 450 K, we actually observed many more zones that were
activated during unloading than we could highlight in Figure 6h; these activation events correlate
with the strong serrations in the load depth curve at high temperature, Figure 1a. In the case of
T = 1000 K, finally, the density of plastic activity was so high that individual events are hard to detect
and therefore, we did not highlight them. However, the strong coloring of Figure 6l—as compared
to Figure 6j—demonstrates that also at this temperature, unloading produces many new events, in
correspondence with the strong serration observed in the unloading part of Figure 1a.




















activated at loading activated at unloading disappearing
Figure 6. Non-affine squared displacement (NASD)—in units of Å2—at indentation rate of 20 m/s and
temperatures of (a–c) T = 0.1 K, (d–f) T = 10 K, (g–i) T = 450 K and (j–l) T = 1000 K. Left column:
(a,d,g,j) calculated from the atomic configuration at the maximum indentation depth with reference
to the atomic configuration before indentation. Middle column: (b,e,h,k) calculated from the atomic
configuration after unloading with respect to the atomic configuration at the maximum indentation
depth. Right column: (c,f,i,l) calculated from the atomic configuration after unloading with respect
to the atomic configuration before loading. The white circles highlight plastic regions that appear
during loading and stay through the unloading process. The red circles enclose plastic regions that
were activated during loading, but disappear during unloading, and the green circles feature plastic
regions that appear during unloading.
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3.3. Analysis of STZs: Cluster Analysis
To better study local plasticity during loading and unloading we performed a cluster analysis
of the STZs by using their NASD (seen in Figure 6). Similar cluster analysis has been used to study
the STZs formed during tensile deformation [43]. Here, we determined their sizes during loading
and also measure their evolution during unloading. In order to do this, we first selected the particles
with NASD higher than a cutoff value NASDcutoff. For our analysis we used NASDcutoff = 20 Å2
(see Appendix B for additional discussion). This value corresponds approximately to the square of
the second peak position of the radial pair distribution function [27]. In other words, we considered
atoms to undergo plastic deformation when its non-affine displacement exceeds the distance of the
second nearest neighbors shell. Once the plastically deformed particles are identified, we investigated
to which extent they formed clusters; it is known STZs can be characterized as clusters of atoms with
high NASD [40]. A cluster-analysis algorithm was available within OVITO [32]. We performed this
analysis both at maximum indentation depth and at the final configuration, after unloading. For
both cases, we used the atomic configuration before indentation as a reference to calculate the NASD,
see Figure 6 first and third column, respectively. We considered a particle to belong to a cluster if it
was linked to at least one other particle of the cluster by a separation less than the cutoff distance
σ = 2.48 Å. This value was less than the one that marks the position of the first maximum of the radial
pair distribution σRDF = 2.77 Å [27]. Due to the high compression around the indenter, using σRDF
led to a big cluster around the indenter and in turn to the loss of information on the evolution of this
region upon unloading, and therefore we chose a smaller value of σ (see Appendix B for additional
discussion). Figure 7 shows clusters surrounding the indentation site for T = 0.1 K. For clarity
proposes, we show in this figure only the biggest 1000 clusters, where the color spectra represents
different clusters ordered by size (blue corresponding to the biggest clusters).
We first present in Figure 8 the complementary cumulative distribution C(Nc) of the number
of particles in the clusters, Nc, at different indentation depths for temperature T = 0.1 K. For
the convenience of the reader, we provide available knowledge on C(Nc) in Appendix C. The
complementary cumulative distribution C(Nc) gives the probability of finding a cluster bigger than Nc.
We can observe that the distributions follow a power law for most of their extension, with exponent
∼−1.4. Such a power law, with an exponent of 1.4, has indeed been predicted by a theory of directed
percolation as applied to glass plasticity [24]. The last point of the distribution corresponds to the
biggest cluster at the indenter site, which is not of interest here. Also, there is a rapid increase in
the maximum cluster size from indentation depth 6 Å to 10 Å, which are both within the elastic
regime. The maximum size of the clusters in this regime are consistent with the definition of STZ sizes
(∼100 atoms) found in experiments and other simulations [9–11]. Beyond the yielding point (∼15 Å for
T = 0.1 K), the tails of the distribution extend to around 1000 atoms in some clusters, suggesting the
presence of shear bands. In the plastic regime, we also observe two different behaviors in the tails of
the distributions; a decay for indentation depths 20 Å and 30 Å and an apparent bend toward a smaller
power-law exponent for indentation depths ≥ 40 Å. This shift to a lower power-law exponent has
been observed in creep experiments in the distributions of waiting times, where the authors suggest a
crossover from STZs to shear banding activity [10,44]. We emphasize that it is our use of large MD
samples that allows us to observe such behavior reliably.
We conclude that the size dependence of the distribution followed for all indentation depths a
power law with the same exponent. The exponent was the same as the one predicted by statistical
mechanics for the temperature dependence of plastic events [24], and was caused by the universality
of plasticity in metallic glasses, see Appendix C.
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Figure 7. Clusters of atoms with high NASD > NASDcutoff; these clusters constitute the STZs. Clusters
are ordered by size; the largest cluster is dark blue and the smallest cluster is yellow. Only the 1000
















































Figure 8. Complementary cumulative distributions C(Nc) at different indentation depths at T = 10 K.
(a) The curves are shifted in the y direction for better readability. (b) 3D plot which avoids shifting the
curves. The gray dashed line corresponds to a power law with exponent −1.4.
Furthermore, the complementary cumulative distributions C(Nc) for different temperatures
are shown in Figure 9. Again, we observe a power-law distribution of the cluster size, with an
exponent of −1.4, as predicted by the statistical mechanics of glass plasticity [24], see Appendix C.
However, deviations from the power-law behavior show up at large cluster sizes, in that the tails of
the distributions decay at smaller values of Nc when approaching the glass transition temperature.
Above the glass transition, T = 1000 K, the curve decays very quickly around the value Nc = 10.
This points toward independent operations of STZs, i.e., homogeneous flow, which is the expected
outcome according to the STZ theory predictions for high temperatures [42]. Overall, our results
were consistent with studies suggesting that plastic deformation in metallic glasses occurs via slip
avalanches of STZs [10,19,20].
A recent MD study investigated the plastic behavior of a Lennard–Jones glass under uniaxial shear
strain [24]. This study identified a transition to percolating clusters with a cluster-size distribution
belonging to the universality class of directed percolation [45,46]. Indeed their cluster-size distribution
features the same power-law dependence as the one found in the present study. We conclude
that the cluster-size distribution found here was quite generic, since it applies both to a simple
uniaxial strain loading and the more complex multi-axial loading situation under nanoindentation,
and was independent of the interatomic interatomic interaction potentials used (Lennard-Jones or
embedded-atom model).






































Figure 9. Complementary cumulative distributions C(Nc) at different temperatures calculated
at maximum indentation depth 70 Å. The gray dashed line corresponds to a power law with
exponent −1.4.
We then proceeded to make a quantitative analysis on the disappearing clusters and the ones
activated during unloading (see Figure 6). We first determined the amount of clusters that disappeared
upon unloading for all temperatures. Here, we consider a cluster to have disappeared when it lost
more than 90% of its particles. We found these clusters by comparing their configurations at maximum
indentation depth (first column of Figure 6) with the configurations after the indenter was removed
(third column of Figure 6). For this analysis, we were interested only in clusters that require a large
cooperative rearrangement to return to the configuration before loading. Therefore, we considered
only clusters with sizes Nc > 10. In Figure 10 we show the number of clusters that disappear, ND > 10,
determined as described above. We found an overall increase on disappearing cluster with increasing
















Figure 10. Number of disappearing clusters as a function of temperature.
Finally, we turned to the study of the STZs appearing upon unloading. We first selected the
new particles that have overcame the threshold of NASDcutoff = 20 Å2 upon unloading that did not
do so during loading. Then, we determine whether each particle is isolated from already existing
clusters (white circles in Figure 6) by using now the criterion σRDF = 2.77 Å. We use σRDF for the
unloading analysis since the pressure exerted by the indenter is gone allowing for more space between
particles. Finally, we use only the isolated particles and determine cluster formation within them. The
complementary cumulative distributions for these clusters activated upon unloading are shown in
Figure 11. We can observe in this figure that the extension of the tails is shorter for low temperatures
than for high temperatures, meaning smaller STZs at lower temperatures. The sizes of the clusters
are ∼100 atoms, which points to STZ operation only during unloading. We also observed that for
low temperatures, most of the new clusters are located closer to the indenter site while for high
temperatures the regions extend all over the sample (not shown here). Overall, the activity of activated
regions during unloading was greater at higher temperatures, which is in agreement with Figure 6
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and, as already mentioned, with the strong serration observed in the unloading part of Figure 1a.
Moreover, the distributions for all temperatures below the glass transition followed the same power
law as the ones calculated at maximum indentation depth. This finding strongly suggests that the
STZs formed upon unloading operate with a similar mechanism as upon loading. To our knowledge,
STZ formation during unloading has not been reported before and it is important to study the impact



































Figure 11. Complementary cumulative distributions C(Nc) at different temperatures for the activated
clusters upon unloading. The gray dashed line corresponds to a power law with exponent −1.4.
4. Summary
We summarize the main findings of our atomistic study on plastic activity during nanoindentation
of a CuZr glass as follows.
1. The yield point, elastic modulus and viscoelastic rebound of the metallic glass decrease with
increasing temperature. This behavior is in qualitative agreement with predictions of the
cooperative shear model [35,47].
2. Material hardness weakly increases with strain rate, confirming previously reported experimental
findings and the predictions of the cooperative shear model [11,35].
3. Glass plasticity leads to a serrated structure of the load-displacement curves, in agreement with
experiment [14,15]. For the loading curve, we do not observe a strong dependence on temperature.
4. An analysis of the plastic activity using the technique of non-affine displacements [40], together
with a cluster analysis, allows us to identify the STZs created during the indentation process [48].
The complementary cumulative distribution of plastically deformed regions, C(Nc), follows a
power law with an exponent around −1.4. This power-law of C(Nc) found here is consistent
with that found previously in uniaxially sheared Lennard-Jones glass and points at a percolation
transition in the formation of STZs [24].
5. Surprisingly, the power exponent which has been found theoretically to describe the temperature
dependence of plasticity, also describes its depth dependence. In addition, the power law found
during loading is the same as for the new clusters that form during unloading.
6. We observe an apparent transition from STZ operation to shear banding. This shear band activity
is observed at room temperature and below, and is particularly strong a the lowest temperature
simulated, 0.1 K.
7. During the unloading process, part of the created STZs deactivate and also new zones are created.
The number of large disappearing STZs increases with temperature. The amount of plastic
activity and STZ sizes during the unloading process strongly increases with temperature, and
correlates well with the increased serration of the unloading curve at increased temperatures.
In this context, the pop-outs formed in the unloading process have the same nature as the pop-ins
found during loading.
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Appendix A. Quenching-Rate Dependence
It is known that the quenching rate used in sample preparation plays an important role in the
way metallic glasses deforms under loading [26,28]. Lower quenching rates leads to more localized
plasticity and are therefore desirable for the study of shear-band formation [26]. In this section we study
the dependence on quenching rate for some of the quantities presented in the main text. In this section,
we fix the temperature at T = 10 K and the indentation rate at 20 m/s, while the quenching-rate varies
and is chosen as 0.005 K/ps, 0.01 K/ps, 0.1 K/ps, 1 K/ps and 30 K/ps.
In Figure A1a we show the load–indentation-depth curves. We observe that the behavior in the
elastic regime is very similar for all quenching rates; in the plastic regime, the load increases more
rapidly for lower quenching rates. The contact hardness (shown in Figure A1b) increases with lowering
the quenching rate. The averaged values of the contact hardness, shown in the inset of Figure A1b),
were calculated after indentation depth 60 Å and fitted to a power law with exponent ∼ −0.02.
The dependence of the height of the pile-up and the viscoelastic recovery for the different
quenching rates is presented in Figure A1c. Both quantities show the same trend: they decrease when
the quench rate increases.
Moreover, we perform the cluster analysis introduced in the main text to calculate the STZ sizes
during loading for the different quenching rates. The complementary cumulative distributions shown
in Figure A1d follow the same power law up to Nc ≈ 100; above this cluster size, the tails of the
distributions change showing bigger plastic events for lower quenching rates. The changes in the
distributions are not so strong for different quenching rate as for different temperatures (see Figure 9).
Therefore, we conclude that a choice of an even lower quenching rate as the one adopted in this study,












































































































Figure A1. Quenching-rate dependence in nanoindentation; all data taken at 10 K. (a) Indentation load
vs. indentation depth for various quenching rates. (b) Contact pressure as a function of indentation
depth for the quenching rates shown in (a). Inset: Averaged hardness against indentation rate fitted to a
power law with exponent∼ −0.02. (c) Pile-up height and viscoelastic recovery vs. quenching rate. Both
quantities are measured after removal of the indenter. (d) Complementary cumulative distributions
C(Nc) for the quenching rates shown in (a). The distributions were calculated at maximum indentation
depth 70 Å. The gray dashed line corresponds to a power law with exponent −1.4.
Appendix B. Cluster-Analysis Parameters
In this section we present our reasoning for the selection of the parameters σ and NASDcutoff used
for our cluster analysis in this manuscript.
We first present how the complementary cumulative distributions change for different values of
NASDcutoff. In the main text we explained that this parameter determines the threshold for plastic
activity. So, we consider any particle with NASD above this threshold to have undergone plastic
deformation. The inset of Figure A2 shows minimal changes in the distributions in the NASDcutoff
range from 1.92 Å2 to 50 Å2.
Furthermore, we examine the effects of different selections of σ values. Figure A2 presents the
cumulative distributions for the number of particles in the clusters, Nc, for different values of σ.
One can observe that the tails of the distributions extend to higher cluster sizes from σ = 2.45 Å to
σ = 2.48 Å which may be expected since it is more likely to find more particles for a larger value of
σ. However, for even higher values of sigma the distribution ends at smaller values of Nc, except for
one point. This point represents the indenter site which has became a huge cluster and therefore we
lost information about cluster formation around the indenter. We therefore select σ = 2.48 Å for the



































Figure A2. Cumulative distribution C(Nc) of cluster sizes Nc for different values of σ. Inset:
Cumulative distribution C(Nc) of cluster sizes Nc for different selections of the NASD parameter
NASDcutoff.
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Appendix C. Statistics of STZs
In this section, we review the statistical mechanics of STZs as studied via the concept of avalanche
dynamics applied to the plastic deformation of metallic glasses [20]. For a more specialized discussion
on the subject, we refer the reader to [49]. In general, the distribution of cluster sizes Nc follows the law
D(Nc) = N−τc f (Nc|T − Tc|1/σ), (A1)
where σ and τ are critical exponents, Tc is the critical temperature and the universal scaling function
f (x) is expected to decay exponentially as f (x) = A exp (−Bx), with A and B being non-universal
constants. Away from the critical temperature Tc, the distribution follows the same power law up to a
maximum cluster size
Nmaxc ∼ |T − Tc|1/σ. (A2)
This means that the further away from the critical point Tc, the faster the decay of the distribution.
In this manuscript, we study the complementary cumulative distribution function, which is




D(N′c) · d N′c, (A3)
which gives the probability to observe clusters larger than size Nc. For small Nc, the cumulative
distribution C(Nc) decays as
C(Nc) ∼ N−(τ−1)c . (A4)
The critical exponent assumes the value τ = 2.4 according to [24].
Therefore, we expect the complementary cumulative distribution of active regions to follow a
power law with the power −(τ − 1) = −1.4 for small values of Nc; for larger Nc, the distribution will
be cut off at a value which depends on temperature, Equation (A2).
In the case of indentation depth, we replace |T − Tc| for |d− dc| in the above equations.
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12. Şopu, D.; Stukowski, A.; Stoica, M.; Scudino, S. Atomic-Level Processes of Shear Band Nucleation in Metallic
Glasses. Phys. Rev. Lett. 2017, 119, 195503, doi:10.1103/PhysRevLett.119.195503. [CrossRef] [PubMed]
13. Küchemann, S.; Derlet, P.M.; Liu, C.; Rosenthal, D.; Sparks, G.; Larson, W.S.; Maaß, R. Energy Storage in
Metallic Glasses via Flash Annealing. Adv. Funct. Mater. 2018, 28, 1805385, doi:10.1002/adfm.201805385.
[CrossRef]
14. Schuh, C.A.; Nieh, T.G. A nanoindentation study of serrated flow in bulk metallic glasses. Acta Mater. 2003,
51, 87–99, doi:10.1016/S1359-6454(02)00303-8. [CrossRef]
15. Schuh, C.A.; Lund, A.C.; Nieh, T.G. New regime of homogeneous flow in the formation map of metallic
glasses: elevated temperature nanoindentation experiments and mechanistic modeling. Acta Mater. 2004,
52, 5879–5891, doi:10.1016/j.actamat.2004.09.005. [CrossRef]
16. Packard, C.E.; Homer, E.R.; Al-Aqeeli, N.; Schuh, C.A. Cyclic hardening of metallic glasses under
Hertzian contacts: Experiments and STZ dynamics simulations. Philos. Mag. 2010, 90, 1373–1390,
doi:10.1080/14786430903352664. [CrossRef]
17. Deng, C.; Schuh, C.A. Atomistic mechanisms of cyclic hardening in metallic glass. Appl. Phys. Lett. 2012,
100, 251909, doi:10.1063/1.4729941. [CrossRef]
18. Greer, A.L.; Castellero, A.; Madge, S.V.; Walker, I.T.; Wilde, J.R. Nanoindentation studies of shear banding
in fully amorphous and partially devitrified metallic alloys. Mater. Sci. Eng. A 2004, 375, 1182–1185,
doi:10.1016/j.msea.2003.10.032. [CrossRef]
19. Coleman, J.P.; Meng, F.; Tsuchiya, K.; Beadsworth, J.; LeBlanc, M.; Liaw, P.K.; Uhl, J.T.; Weaver, R.L.;
Dahmen, K.A. Effect of annealing on nanoindentation slips in a bulk metallic glass. Phys. Rev. B 2017,
96, 134117, doi:10.1103/PhysRevB.96.134117. [CrossRef]
20. Bian, X.L.; Wang, G.; Chan, K.C.; Ren, J.L.; Gao, Y.L.; Zhai, Q.J. Shear avalanches in metallic glasses
under nanoindentation: Deformation units and rate dependent strain burst cut-off. Appl. Phys. Lett. 2013,
103, 101907, doi:10.1063/1.4820782. [CrossRef]
21. Friedman, N.; Jennings, A.T.; Tsekenis, G.; Kim, J.Y.; Tao, M.; Uhl, J.T.; Greer, J.R.; Dahmen, K.A. Statistics
of Dislocation Slip Avalanches in Nanosized Single Crystals Show Tuned Critical Behavior Predicted by
a Simple Mean Field Model. Phys. Rev. Lett. 2012, 109, 095507, doi:10.1103/PhysRevLett.109.095507.
[CrossRef]
22. Dahmen, K.A.; Ben-Zion, Y.; Uhl, J.T. A simple analytic theory for the statistics of avalanches in sheared
granular materials. Nat. Phys. 2011, 7, 554–557. [CrossRef]
23. Avila, K.E.; Castillo, H.E.; Vollmayr-Lee, K.; Zippelius, A. Slow and long-ranged dynamical heterogeneities
in dissipative fluids. Soft Matter 2016, 12, 5461–5474, doi:10.1039/C6SM00784H. [CrossRef] [PubMed]
24. Shrivastav, G.P.; Chaudhuri, P.; Horbach, J. Yielding of glass under shear: A directed percolation transition
precedes shear-band formation. Phys. Rev. E 2016, 94, 042605, doi:10.1103/PhysRevE.94.042605. [CrossRef]
[PubMed]
25. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–19.
[CrossRef]
26. Cao, A.J.; Cheng, Y.Q.; Ma, E. Structural processes that initiate shear localization in metallic glass. Acta
Mater. 2009, 57, 5146–5155, doi:10.1016/j.actamat.2009.07.016. [CrossRef]
27. Mendelev, M.I.; Sordelet, D.J.; Kramer, M.J. Using atomistic computer simulations to analyze x-ray diffraction
data from metallic glasses. J. Appl. Phys. 2007, 102, 043501, doi:10.1063/1.2769157. [CrossRef]
28. Shi, Y.; Falk, M.L. Stress-induced structural transformation and shear banding during simulated
nanoindentation of a metallic glass. Acta Mater. 2007, 55, 4317–4324, doi:10.1016/j.actamat.2007.03.029.
[CrossRef]
29. Lad, K.N.; Jakse, N.; Pasturel, A. Signatures of fragile-to-strong transition in a binary metallic glass-forming
liquid. J. Chem. Phys. 2012, 136, 104509, doi:10.1063/1.3692610. [CrossRef]
Materials 2019, 12, 1477 17 of 17
30. Kelchner, C.L.; Plimpton, S.J.; Hamilton, J.C. Dislocation nucleation and defect structure during surface
indentation. Phys. Rev. B 1998, 58, 11085–11088. [CrossRef]
31. Ruestes, C.J.; Bringa, E.M.; Gao, Y.; Urbassek, H.M. Molecular dynamics modeling of nanoindentation. In
Applied Nanoindentation in Advanced Materials; Tiwari, A., Natarajan, S., Eds.; Wiley: Chichester, UK, 2017;
Chapter 14, pp. 313–345, doi:10.1002/9781119084501.ch14.
32. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO—The Open Visualization
Tool. Model. Simul. Mater. Sci. Eng. 2010, 18, 015012. [CrossRef]
33. Hertz, H. Ueber die Berührung fester elastischer Körper. J. Reine Angew. Math. 1882, 92, 156–171.
34. Fischer-Cripps, A.C. Nanoindentation, 2nd ed.; Springer: New York, NY, USA, 2004.
35. Johnson, W.L.; Samwer, K. A Universal Criterion for Plastic Yielding of Metallic Glasses with a (T/Tg)
2/3
Temperature Dependence. Phys. Rev. Lett. 2005, 95, 195501, doi:10.1103/PhysRevLett.95.195501. [CrossRef]
[PubMed]
36. Jang, J.i.; Lance, M.J.; Wen, S.; Tsui, T.Y.; Pharr, G.M. Indentation-induced phase transformations in silicon:
influences of load, rate and indenter angle on the transformation behavior. Acta Mater. 2005, 53, 1759–1770,
doi:10.1016/j.actamat.2004.12.025. [CrossRef]
37. Ziegenhain, G.; Urbassek, H.M.; Hartmaier, A. Influence of crystal anisotropy on elastic deformation and
onset of plasticity in nanoindentation: A simulational study. J. Appl. Phys. 2010, 107, 061807. [CrossRef]
38. Zhao, D.; Zhao, H.; Zhu, B.; Wang, S. Investigation on hardening behavior of metallic glass under
cyclic indentation loading via molecular dynamics simulation. Appl. Surf. Sci. 2017, 416, 14–23,
doi:10.1016/j.apsusc.2017.04.125. [CrossRef]
39. Jiang, W.H.; Atzmon, M. Rate dependence of serrated flow in a metallic glass. J. Mater. Res. 2003, 18, 755–757,
doi:10.1557/JMR.2003.0103. [CrossRef]
40. Falk, M.L.; Langer, J.S. Dynamics of viscoplastic deformation in amorphous solids. Phys. Rev. E 1998, 57, 7192.
[CrossRef]
41. Lundberg, M.; Krishan, K.; Xu, N.; O’Hern, C.S.; Dennin, M. Reversible plastic events in amorphous
materials. Phys. Rev. E 2008, 77, 041505, doi:10.1103/PhysRevE.77.041505. [CrossRef] [PubMed]
42. Langer, J.S. Shear-transformation-zone theory of plastic deformation near the glass transition. Phys. Rev. E
2008, 77, 021502, doi:10.1103/PhysRevE.77.021502. [CrossRef] [PubMed]
43. Zhong, C.; Zhang, H.; Cao, Q.P.; Wang, X.D.; Zhang, D.X.; Ramamurty, U.; Jiang, J.Z. Size distribution of
shear transformation zones and their evolution towards the formation of shear bands in metallic glasses.
J. Non-Cryst. Solids 2016, 445–446, 61–68, doi:10.1016/j.jnoncrysol.2016.05.002. [CrossRef]
44. Herrero-Gómez, C.; Samwer, K. Stress and temperature dependence of the avalanche dynamics during creep
deformation of metallic glasses. Sci. Rep. 2016, 6, 33503. [CrossRef] [PubMed]
45. Muñoz, M.A.; Dickman, R.; Vespignani, A.; Zapperi, S. Avalanche and spreading exponents in systems with
absorbing states. Phys. Rev. E 1999, 59, 6175–6179, doi:10.1103/physreve.59.6175. [CrossRef]
46. Carvalho, M.C.T.P.; Duarte, J.A.M.S. Directed-site percolation clusters: The scaling function in dimensions
two to six. Z. Phys. B Condens. Matter 1988, 70, 203–208, doi:10.1007/bf01318300. [CrossRef]
47. Wang, Q.; Zhang, S.T.; Yang, Y.; Dong, Y.D.; Liu, C.T.; Lu, J. Unusual fast secondary relaxation in metallic
glass. Nat. Commun. 2015, 6, 7876. [CrossRef]
48. Ma, Y.; Peng, G.J.; Debela, T.T.; Zhang, T.H. Nanoindentation study on the characteristic of
shear transformation zone volume in metallic glassy films. Scr. Mater. 2015, 108, 52–55,
doi:10.1016/j.scriptamat.2015.05.043. [CrossRef]
49. Dahmen, K.A.; Ben-Zion, Y.; Uhl, J.T. Micromechanical Model for Deformation in Solids with Universal
Predictions for Stress-Strain Curves and Slip Avalanches. Phys. Rev. Lett. 2009, 102, 175501,
doi:10.1103/PhysRevLett.102.175501. [CrossRef] [PubMed]
c© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
